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Edited by Robert Russell and Giulio Superti-FurgaAbstract The availability of genome sequences and functional
genomics data from multiple species enables us to compare the
composition of biomolecular systems like biochemical pathways
and protein complexes between species. Here, we review small-
and large-scale, ‘‘genomics-based’’ approaches to biomolecular
systems variation. In general, caution is required when compar-
ing the results of bioinformatics analyses of genomes or of func-
tional genomics data between species. Limitations to the
sensitivity of sequence analysis tools and the noisy nature of
genomics data tend to lead to systematic overestimates of the
amount of variation. Nevertheless, the results from detailed man-
ual analyses, and of large-scale analyses that ﬁlter out system-
atic biases, point to a large amount of variation in the
composition of biomolecular systems. Such observations chal-
lenge our understanding of the function of the systems and their
individual components and can potentially facilitate the identiﬁ-
cation and functional characterization of sub-systems within a
system. Mapping the inter-species variation of complex biomo-
lecular systems on a phylogenetic species tree allows one to
reconstruct their evolution.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Biomolecular systems, such as protein complexes and meta-
bolic pathways, represent a crucial level of description of the
cell that is intermediate between its individual components
and its complete set of interactions. Studying the evolution
of such systems through their variation across species can help
us to understand how these complex systems originated in the
past and how they function today. Nevertheless, although it
intuitively makes sense to consider the ribosome or the glycol-
ysis as separate systems, in the genomics era, where we are sup-
posed to consider everything at once, or at least have the*Corresponding author. Fax: +31 24 36 52977.
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doi:10.1016/j.febslet.2005.02.004opportunity to do so, stronger arguments are required to di-
vide the cell into separate systems. Furthermore, given the
interconnectivity of cellular networks, one can question
whether it is at all possible to draw boundaries between the
systems. Indeed, variation in a central, highly connected path-
way like the citric acid cycle cannot be understood without
taking into account the links with the connecting pathways
[1]. Such type of observations have lead to the argument that
we should be studying networks rather than (artiﬁcially) sepa-
rated pathways or complexes [2,3]. In general, however, anal-
yses of the topology of metabolic networks [4] and of
genomics data [5,6] indicate a modular organization, with lo-
cally highly connected components (the pathways and com-
plexes), and relatively few connections between them. The
modular organization of biological networks supports the clas-
sic notion that a pathway or protein complex is a relevant level
of organization for the organism and of comparative analysis.2. Comparing individual systems between species
Perhaps the most surprising and insightful results into the
evolution of biological systems come from case studies on indi-
vidual systems. Here, the variation in the species distribution
of a system is based on the presence of the genes encoding
its proteins in sequenced genomes. Compared to large-scale
studies, these small-scale studies are more likely to be correct
in terms of predicting the presence and absence of the various
parts of the system: one can e.g. search for genes that were
missed in the genome annotation, take into account knowledge
about gene-displacements and construct phylogenetic trees to
predict orthology more accurately. A surprisingly large
amount of variation of biomolecular systems has been revealed
by studies in systems like the citric acid cycle [1], the glycolysis
[7], iron–sulfur cluster assembly [8], the tryptophan synthesis
pathway [9], isoprenoid synthesis [10], the proteasome
[11,12], non-sense-mediated mRNA decay [13] and the Archa-
eal ribosome [14]. Apart from being published as ‘‘stand-alone
studies’’, such analyses are also becoming part of more broad-
scoped reviews on a speciﬁc biomolecular system, such as
nucleotide excision repair [15] and the lectin-complement path-
way of the immune system [16]. One speciﬁc question that is
often raised in such studies is how a system can function when
the gene coding for one of its components cannot be detectedblished by Elsevier B.V. All rights reserved.
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‘‘astonishing’’ and ‘‘surprising’’ result, the missing of the DNA
repair enzymes XPA and XPC in Plasmodium falciparum [15],
actually turns out to be a case of unidentiﬁed homology: a sim-
ple PSI-Blast search and phylogeny construction identiﬁes
MAL7P1.32 and PF14_038 in P. falciparum as a bona-ﬁde
orthologs of the human XPA and XPC and of their Saccharo-
myces cerevisiae counterparts RAD14 and RAD4 (unpub.
data). Although in this case the error can easily be corrected,
such glitches do confront us with the limits of sequence-based
approaches. These depend, among others, upon sensitive
homology detection and reliable orthology inference. Further-
more non-orthologous or even non-homologous proteins can
perform the same function, challenging that a speciﬁc step is
absent from a pathway because no homolog or ortholog can
be detected for the standard enzyme that catalyzes that step
[17]. To give two examples, the missing Malate dehydrogenase
step from the citric acid cycle of Helicobacter pylori has turned
out to be replaced by a Malate:quinone oxidoreductase [18],
and the observation that most of the archaeal citric acid cycles
are incomplete [1] has been challenged by the prediction of a
new type of aconitase [19]. The latter prediction, which is
based on the combinations of distant homology and genomic
context, has to be complemented with experimental ap-
proaches as has been done for a number of predicted enzymes
from the glycolysis and the citric acid cycle [1,7,20–22]. How-
ever, despite the above-mentioned caveats to genome-based
system comparisons, most of its predictions have stood the test
of time and biomolecular systems variation does appear a fact
of life.3. Deconstructing biomolecular systems
The frequently observed variation in the makeup of biomo-
lecular systems raises the question whether this variation is rel-
evant for the manner in which they function. Are genes with a
varying presence in a system more likely to be involved in reg-
ulatory functions than proteins that are always present? Or can
we identify ‘‘submodules:’’ sets of proteins that are physically
and/or functionally linked and that are able to function with-
out the other proteins of the complex? To give one example
of the latter, within the bacterial chemotactic pathway one ob-
serves that the genes for two proteins involved in methylation,
CheB and CheR, which functionally form a submodule, are
also in their phylogenetic distribution more similar to each
other than to other genes of this pathway [23]. However, an
examination of the phylogenetic distribution of the chemotaxis
genes using the STRING database (http://string.embl.de),
shows that the situation is not always that straightforward.
Two other proteins from this system, CheD and CheC, that
act as a stimulator and inhibitor of methylation and can there-
fore also be regarded as a submodule, have, in contrast to
CheB and CheR, phylogenetic distributions that are not more
similar to each other than to other chemotaxis proteins. A po-
sitive example of a functional submodule that is also a phylo-
genetic module comes from the largest protein complex of the
oxidative phosphorylation, NADH:ubiquinone oxidoreduc-
tase (Complex I). The genes for the 51 and 24 kDa subunits
of this complex frequently occur without other CI genes in
complete genomes, e.g. in Trichomonas vaginalis [24], and
Schizosacharomyces pombe (unpub. data). Furthermore, setsof homologs of other parts of Complex I have separate func-
tions as antiporter module [25], or as NiFe hydrogenase mod-
ule [26] in prokaryotes. The sub-modules of Complex I that
have separate evolutionary origins do still play a role as mod-
ules in the assembly of the complex in mammals, in the sense
that they are assembled ﬁrst as separate sub-complexes before
they get combined into a single complex [27].
Determining the variation in the phylogenetic distribution of
putative biological systems has been successfully applied on a
large scale for a somewhat diﬀerent purpose, namely noise
reduction in genomics data. When in the analysis of protein
complexes derived by genomics techniques those proteins that
have dissimilar phylogenetic distributions from the ‘‘bulk’’ are
discarded, the biological relevance of the remaining complexes
increases [28,29]. On a diﬀerent level, comparing diﬀerent sys-
tems within one cell with each other indicates that genes that
are shared between multiple systems are relatively often in-
volved in regulatory functions [30].4. Reconstructing systems evolution
By mapping the biomolecular system variation on a spe-
cies phylogeny and assuming a parsimonious scenario for
its evolution, we can actually reconstruct its evolutionary
history [31]. One can for example reconstruct how the oxida-
tive phosphorylation Complex I has increased from separate
functioning modules to a protein complex of 14 subunits in
the Bacteria and from there to a complex of 46 subunits in
Mammals (Fig. 1). In this scenario of Complex I evolution
diﬀerent ‘‘modes’’ of pathway evolution appear: in the pro-
karyotes separate, independently functioning submodules,
each consisting of multiple proteins appear to have been re-
cruited to a single complex [25,26] whereas in eukaryotes we
have found no indication that the recruited proteins formed
complexes of their own before recruitment. In general, such
analyses of the evolution of pathways should give us clues
how complex systems, where it is hard to imagine functions
for the individual parts or the ‘‘incomplete’’ complex can
have evolved.5. The origin of new proteins in a system
The addition of new proteins to biomolecular systems dur-
ing their evolution begs the question, where do these pro-
teins come from? There are many examples of homologies
between proteins within a pathway [32], suggesting that the
source of the new proteins is the pathway itself and support-
ing the Horowitz retrograde model of pathway evolution
[33]. However, the dominant force in pathway evolution ap-
pears to be recruitment, where proteins that bind the right
cofactor and/or have the right enzymatic activity are re-
cruited from another pathway into a new one [32,34], in
spite of the fact that there are somewhat more homology
relations within a pathway than would be expected if pro-
teins were randomly distributed over pathways [2,32,35]. It
should hereby be noted that these types of homology analy-
ses within and between pathways do not actually reconstruct
the evolution of a pathway. Given the low-levels of sequence
similarity between the homologous enzymes such would not
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Fig. 1. Evolution of a biomolecular system: Complex I. The evolution of Complex I was deduced from eukaryotic genome comparisons (unpub.
data) combined with Torsten Friedrichs model for prokaryotic evolution of Complex I. In prokaryotes, the evolution of Complex I to one protein
complex of 14 proteins has been proposed to involve the assembly of a number of separately functioning protein complexes, like the NADH
dehydrogenase complex and the antiporter module [25,26]. In eukaryotes, there is no indication for the assembly of separate modules, rather there
appears to have been a gradual adding of new proteins all over the complex. Based on comparisons of Complex I data and genome sequences from
Neurospora crassa, Yarrowia lipolytica, Bos taurus, Homo sapiens, Chlamydomonas rheinhardtii and Arabidopsis thaliana the sharing of Complex I
subunits in the various eukaryotic species can be reconstructed. A core of Complex I proteins appears shared between plants, algae, fungi and
mammals [56] (TG and MH unpub data) and can therefore be traced back to early eukaryotic evolution. To this core, proteins have been
continuously added in the evolutionary lineage leading to the mammals.
M.A. Huynen et al. / FEBS Letters 579 (2005) 1839–1845 1841be feasible. Rather they examine the relative locations of
homologs in pathways or networks, sometimes comple-
mented by a similarity analysis at the level of E-values
[34]. Fairly recent evolution of biomolecular systems, thatsuﬀers less from drawbacks in terms of deciding which is
the ‘‘daughter’’ protein and which is its ‘‘parental’’ protein,
has been be studied in catabolic pathways for xenobiotics
that have arisen in the last decades [36]. Also here the
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1842 M.A. Huynen et al. / FEBS Letters 579 (2005) 1839–1845recruitment mode, where enzymes from diﬀerent pathways
are combined into a single, co-regulated structure dominates
evolution [36]. Notably, as in the case of the sub-modules of
Complex I, and as has been observed in other biochemical
pathways or signaling pathways [37], homologs of some of
the recruited proteins already performed a function together
previous to their involvement in the new pathway, and were
duplicated in parallel of shortly after each other.0
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Fig. 2. Variation of biomolecular systems, quantitatively. Variation
in the makeup of biomolecular systems between species as indicated by
the presence of orthologous proteins among a large set of genomes.
The scale varies between 0: the distribution of orthologs is as
incohesive as for random proteins from the genome in which the
system was deﬁned and 1: the proteins behave perfectly modular in
evolution and are always present together and absent together [40].
Evolutionary modularity was measured for various systems (protein
complexes, co-regulated genes and metabolic pathways) and for
various types of data (genomics data, bioinformatics predictions, and
‘‘classic’’, non-genomics based pathways and protein complexes).
From left to right: ‘‘Complexes’’: S. cerevisiae protein complexes from
the MIPS collection [57], ‘‘TAP’’: protein complexes identiﬁed by
Tandem Aﬃnity Puriﬁcation [58], ‘‘HMS-PCI: protein complexes
identiﬁed by HMS-PCI puriﬁcation [59], ‘‘TFBS’’: genes sharing one6. Degenerative evolution
Systems do not necessarily increase in complexity like Com-
plex I in the evolutionary lineage leading to mammals, but can
also degenerate. An interesting case study is the ‘‘striptease’’ of
the archaeal ribosome, in which the loss, rather than the accu-
mulation of subunits can be traced for up to 15% of the com-
plex in evolution [14]. In this example, no correlation was
observed between the phylogenetic distribution and the physi-
cal location of the proteins in the complex and there was no
understanding why this gene loss occurred, also because the
individual functions of the ribosomal proteins are largely un-
known. In pathways, the acquisition and loss of genes can of-
ten easier be explained, as we know the function of the
individual genes. A relation between gene loss and the position
of a protein in a pathway can, e.g., be observed in the evolu-
tion of the Vitamin B6 (Pyridoxine) pathway. This pathway
shows a pervasive pattern of parallel gene loss in the eukary-
otes, in which latter steps in the pathway are lost before the
earlier ones [38].or more transcription factor binding sites as determined by ChIP-
on-chip experiments [60], ‘‘regulons’’: genes predicted to be part of the
same regulon [61] and ‘‘Ecocyc’’: proteins from the same metabolic
pathway in the ecocyc database [62]. Furthermore, various ﬁlters were
applied to remove sources of non-modular behavior: ‘‘Cross-validation
ﬁlter’’: remove all proteins that only in that dataset belong to a speciﬁc
system, ‘‘Uniqueness ﬁlter’’: remove all proteins that are part of
multiple systems, ‘‘Paralogy ﬁlter’’: remove orthologous groups with
more than 4 proteins per 3 species. The ﬁgure is based on result from
ref [40] to which was added the uniqueness ﬁlter.7. Large-scale approaches to comparing systems
Large-scale approaches to comparing biomolecular systems
between species can of course be more systematic than small-
scale analyses. A disadvantage is that they tend to be less sen-
sitive, as they e.g. do not examine the presence of unpredicted
genes in the genome, and have to rely on automatically pre-
dicted homology or orthology. Most of such analyses corrob-
orate the results from case-stories that there is indeed
surprisingly little ‘‘modularity’’ in genome evolution [39,40]:
proteins that are deﬁned to be part of a functional module in
one species do not necessarily behave cohesively in genome
evolution. One might argue this is because the biomolecular
systems that are chosen in such studies, and that are ‘‘plucked’’
from some database are maybe to loosely deﬁned: they are not
real functional modules. However, ﬁltering out potential noise
in the module deﬁnitions hardly aﬀected their evolutionary
modularity [40] (Fig. 2). Also ﬁltering out proteins that are
part of multiple modules, and whose presence in a genome
therefore does not necessarily indicate the presence of all those
modules in a species has little eﬀect on evolutionary modular-
ity (Fig. 2). The largest increase in terms of modularity actually
derives from ﬁltering out cases where orthology is uncertain
because there are multiple genes within that orthologous group
in a genome [40] (Fig. 2). This stresses the importance of doing
large-scale analyses not at the level of mere homology but of
orthology, and of also doing small-scale analyses where orthol-
ogy can best be determined in an appropriate manner, by the
creation of phylogenetic trees.8. Conservation of functional interactions between proteins
When studying the variation and evolution of biomolecular
systems by the presence of their components across species,
one of the main assumptions is that when a protein is part
of a system in species A and is encoded in the genome of spe-
cies B it is also considered part of that system in species B. To
give one example, there are three genes in the fungi Neurospora
crassa and Yarrowia lipolytica genomes whose proteins have
not been detected as a part of Complex I in either species
[41,42], despite the fact that their orthologs (the 13 kDa, B18
and MWFE subunits) have been detected as a part of Complex
I in mammals [43]. In this case, the variations might be due to
experimental conditions rather than to ‘‘true’’ systems varia-
tion, because these three subunits are typically present in fun-
gal genomes that also encode other Complex I proteins and
absent from genomes that do not have other Complex I sub-
units (unpub. data). Similarly, there are genes in the a-proteo-
bacteria, like the Acyl-Carrier Protein, whose orthologs are
part of Complex I in eukaryotes, but that have not been de-
tected as such in the Complex I of the a-proteobacterium Para-
M.A. Huynen et al. / FEBS Letters 579 (2005) 1839–1845 1843coccus denitriﬁcans [44]. As the Acyl-Carrier Protein also oc-
curs in genomes without other Complex I genes [45], this situ-
ation probably does reﬂect true systems variation.
Variations between systems can also be more subtle than the
presence/absence of proteins: comparison and modeling of the
chemotactic pathway in Escherichia coli and Bacillus subtilis
indicates that although they share a number of the same genes
within this pathway, the relations between these genes are dif-
ferent [46], leading to a situation where upon the addition of an
attractant the kinase CheA is inhibited in E. coli while it is acti-
vated in B. subtilis.9. Conservation of gene co-regulation between species
The question raised above, whether proteins that are part of
a system in one species are also part of the same system in an-
other species can be addressed with functional genomics data.
One approach is to measure the conservation of co-regulation,
assuming that co-regulated genes tend to be part of the same
biomolecular system. Initial analyses, which just compared
the level of co-expression based on array data, indicated low
levels of conservation (<10%) [47–49]. The noisy nature of
genomics data which contain many false positives (genes that
are co-expressed but not co-regulated) as well as many false
negatives (genes that are co-regulated but are not detected as
such) is however stacked against detecting conservation of
functional links between proteins (Fig. 3). When, instead of
just measuring co-expression conservation between species,
only taking into account those genes of S. cerevisiae that are
truly co-regulated, because they share a transcription factor
binding site and are also co-expressed, co-regulation in Caeno-
rhabditis elegans does appear to be conserved for 76% of the
gene pairs that have orthologs in S. cerevisiae [50]. Further-TP
FN
FP
TN
Fig. 3. Noise in genomics data is stacked against detecting biomolec-
ular system conservation between species. Determining the level of
pathway conservation by comparing noisy genomics data faces two
caveats: false positives (FP) and false negatives (FN). In the ﬁgure, the
original system (above the arrow) consists of only True Positives (TP)
and True Negatives (TN). It has been examined independently twice
(left and right) during which, besides the real interactions, a number of
extra interactions have been measured (FP) and a number of
interactions have not been detected (FN). Both false positives and
false negatives will lead to an underestimate of the level of conserva-
tion. False negatives lead to underestimates simply because they fail to
detect interactions, and therefore fail to repeat to detect an interaction
that has been established in one species in another species. False
positives could in principle lead to an overestimate of the number of
conserved interactions, however, because any protein interacts only
with a small fraction of the total proteome, even in genomics data, the
same ‘‘false positive’’ interaction is unlikely to be repeatedly observed.
Rather a false positive in one species A will not be observed in another
species B, and, because that interaction will count for the total number
of interactions in species A, the fraction of ‘‘conserved’’ interactions
will decrease.more, also physical interaction between proteins as measured
by yeast-2-hybrid data does indicate fairly low levels of conser-
vation of interaction between species (15–25%)[51], such levels
of conservation are however quite high when compared to the
level of ‘‘conservation’’ of interaction between datasets from a
single species S. cerevisiae (26%) [52]. This indicates that, even
though proteins of one system do not necessarily evolve to-
gether (Fig. 2), when they are present together, their interac-
tion tends to be preserved.10. Discussion
Comparison of biomolecular systems between species,
whether based on large-scale analyses or small-scale ones,
shows a pervasive pattern of variation in the makeup of bio-
molecular systems from the level of the presence/absence of
components to more subtle variations in the interactions of
the proteins. Although in the case of biochemical pathways
the loss of genes can often easily be interpreted as the loss
of the requirement for speciﬁc metabolites, in protein com-
plexes it is often rather unclear what the functional relevance
is of the variations in the makeup of the complexes and also
the rationale behind variations in a signaling pathways like
e.g. chemotaxis system between E. coli and B. subtilis is far
from understood. In some cases, but deﬁnitely not all, varia-
tions in biomolecular systems correlate with the presence of
submodules in function and assembly, and can thus provide
hypotheses for experimental testing.
Another aspect that is rapidly becoming clear is that we
have to be very careful in the way in which we handle the
genomics data. Not only manual phylogenetic analyses, but
also large-scale orthology predictions have shown time and
again the danger of equating homology with function and
equating the absence of an easily identiﬁable homolog with
the absence of its function, and can lead to misidentiﬁcations
as well as missing identiﬁcations. Similarly the comparative
analysis of genomics data has to be done in a careful man-
ner in order not to arrive at sweeping but erroneous state-
ments about all types of patters in the organization of the
cell and their conservation between species. In the recent
past conclusions about the organization of metabolic net-
works or protein interaction networks have been challenged,
in our opinion on strong grounds, as being the result of sys-
tematic biases in the data [53], and/or a too simple analysis
of the metabolic network [54,55]. The noisy nature of
genomics data therefore calls for extreme caution in its evo-
lutionary interpretation. Hence, although at the level of the
evolution of biomolecular systems the variation appears so
large that ‘‘anything goes’’, in the analysis of the evolution
of genomes and of function based on genomics data stricter
criteria are required.References
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